Many psychiatric patient groups smoke heavily, but little is known regarding the effects of this habit on functional brain imaging results. The present report assesses the effect of chronic smoking on the blood-oxygen-level-dependent (BOLD) response to a simple visual activation (VA) task and a breath hold (BH) task in patients with schizophrenia. Eight healthy controls and twelve patients with schizophrenia were studied. Half of each group had never smoked and the other half of each group had smoked for more than 10 pack years. Responses to the VA task were assessed in the visual cortex and responses to the BH task were assessed in gray matter generally. There were four fMRI dependent measures: (1) median percent signal change; (2) activation volume (in voxels); (3) time-to-peak of the impulse response function (IRF); and (4) time-to-trough of the IRF. All measures were tested as dependent variables in an ANCOVA with diagnosis and smoking status as crossed factors and age as a covariate. Heavy smokers had 22% larger percent signal change for the VA task and 50% larger percent signal change for the BH task. Patients had a 40% larger percent signal change for the breathhold task. Other statistically significant effects of smoking history on activation volume and the timing of the brain responses were noted. If replicated, the results may have important implications for fMRI studies comparing groups with markedly different smoking habits, such as studies comparing patients with schizophrenia, 60-90% of whom smoke, and healthy controls, who smoke with a much lower frequency.
Introduction
Patients with schizophrenia are frequently smokers whereas control subjects typically are not (de Leon and Diaz, 2005) . de Leon and Diaz (2005) report that the median smoking rate (across multiple studies) in patients with schizophrenia was 75% whereas the median smoking rate among control subjects was 24%. Moreover, patients smoke each cigarette longer and inhale the smoke more deeply than control smokers (Olincy et al, 1997) . Other psychiatric disorders are also associated with increased smoking (Leonard et al, 2001 ).
Despite these marked diagnosis-related differences in smoking habits, we are not aware of any study that has taken this into account when analyzing patient differences on fMRI results. Two studies have compared non-smokers to smokers on cognitive tasks (Lawrence et al, 2002; Xu et al, 2007) . Lawrence et al (2002) compared smokers to non-smokers on brain activation to a visual vigilance task. They found that smokers had a reduced response in the parietal cortex and caudate. On the other hand, Xu et al (2007) found that smokers had a significantly elevated response to the Stroop task in the right precentral sulcus. We are not aware of any study which has compared heavy smoking and non-smoking groups on BOLD fMRI responses to a simple sensory activation task. Although there have been other smoking-related fMRI studies (see Brody, 2006; Jacobsen, 2007 for review) these studies have been focused on nicotine craving and other cognitive aspects and not on the simple question of a change in the amplitude of the functional response in smokers.
Cigarette smoking causes lung damage and is the dominant risk factor for chronic obstructive pulmonary disease (Isager and Hagerup, 1971; Clark et al, 1998) . Chronic smoking also contributes to atherosclerosis (Astrup, 1973; Mustard, 1981) , and smoking is the strongest predictor of severe carotid artery stenosis (Whisnant et al, 1990) . Moreover, chronic smoking is linked in several ways to hypertension (Kochar and Bindra, 1996) , and to the development of diabetes (Eliasson, 2003) . Furthermore, cigarette smoking causes increases in hematocrit and hemoglobin concentration (Whitehead et al, 1995) and blood viscosity (Lowe et al, 1980) . Since a number of these effects have been shown to impact the BOLD fMRI signal (Hamzei et al, 2003; Levin et al, 2001; Gustard et al, 2003; Wessels et al, 2006) , it was important to look for a potential relationship between the BOLD response to activation tasks and smoking history.
The present study examines the effects of smoking history and diagnosis on the BOLD response to 2 tasks: a simple visual activation (VA) task and a breath-hold (BH) task. The visual activation task was employed to assess smoking effects on a robust sensory activation paradigm.
The BOLD response to the BH task is thought to reflect cerebrovascular reactivity (Thomason et al, 2007) . During this task subjects hold their breath after inspiration for 16 seconds and then breathe normally for 16 seconds. The key measure of the BOLD BH response is the increase in signal from the trough during the BH period to the peak during the normal breathing period. This increase is thought to reflect an increase in CO 2 , which leads to an increase in cerebral blood flow (CBF) (Meyer et al., 1966 , Thomason et al., 2005 , which leads to a decrease in dHb% in venules and veins, which leads to an increased signal. In contrast to cognitive and sensory BOLD activations, the BH-induced signal increase is understood to occur in the absence of an increase in neuronal metabolism and the rate of dHb production remains at a basal level. Thus, the increase in the BOLD signal from trough-to-peak during the BH paradigm is thought to provide a measure of non-cognitive, maximal BOLD response (cerebrovascular reactivity) (Thomason et al, 2007) . The inclusion of both the VA and the BH task should facilitate the assessment of potential neural and cerebrovascular effects of a chronic smoking history.
The present study examines the effect of smoking history, schizophrenia, and their interaction, on the BOLD response to a simple visual activation task and on cerebrovascular reactivity in 12 patients with schizophrenia and 8 control subjects.
Materials and Methods

Subjects
Demographic data for the 20 subjects in the current study are provided in Table 1 . There were 8 control subjects and 12 patients with schizophrenia. To be included in the heavy-smoker group, subjects had to have smoked for 10 or more pack years. There were 4 subgroups: Control-Non-Smokers (CON-NON), Control-Heavy Smokers (CON-SMO), Patient-NonSmokers (PAT-NON), and Patient-Heavy-Smokers (PAT-SMO). There was no statistically significant difference between the mean age of the patients and controls, or the non-smokers and heavy-smokers. There was an increased age range in the patient group. The number of pack years in patients did not differ significantly from the number of pack years in controls (Mann-Whitney test, p = 0.91). Nine of 10 subjects in the heavy smoking groups were current smokers. One control heavy-smoker had quit several months before the fMRI study. Subjects abstained from cigarette smoking for at least 1 hour prior to the fMRI session. The study was approved by the Institutional Review Board at University of California -Irvine. Written informed consent was obtained after the procedure had been fully explained.
Patients met DSM-IV criteria for schizophrenia or schizoaffective disorder based on the Structured Clinical Interview for DSM-IV (SCID, First, 2002 ) administered by medical doctors or Ph.D. level psychologists. Of the twelve patients, eight were of the paranoid subtype, two were of the undifferentiated subtype and two had schizoaffective disorder. All were taking stable doses of atypical (n=11) or typical (n=1) antipsychotic medications. They had been ill a mean of 18.5 years (SD: 10.2). The total score for the SANS (scale for the assessment of negative symptoms, Andreasen, 1989) was 35.3 (sd = 14.6 ) and the total score for the SAPS (positive symptoms, Andreasen et al, 1990 ) was 25.1 (sd = 12.7) for the 11 patients with available data.
Image acquisition
The data were collected at the University of California-Irvine using a Picker 1.5T Eclipse scanner, with a read-only quadrature head coil. The functional data were collected with an EPI sequence (orientation: parallel to the AC-PC line, number of slices = 21, slice thickness = 4mm, no gap, TR=2.0 sec, TE = 40 ms, FOV = 22 cm, matrix = 64×64, voxel dimensions = 3.4375 mm × 3.4375 mm × 4 mm). The anatomical data were collected with a high-resolution T1-weighted sequence collected during the same scanning session (TR = 13 msec, TE = 3.7 msec, Flip Angle = 20, thickness = 1.5 mm, matrix = 256×256, voxel size = 0.9375 × 0.9375 × 1.5 mm).
Organization of the Methods and Results
Two tasks were evaluated, the visual activation task and the breath-hold task. Below, we present the general methods and the specific methods employed to assess the visual activation data, followed by a result section for this task. Then, we present the specific methods employed to assess the breath-hold task followed by a second results section. Next, we present the methods employed in relating the results of the two tasks and a results section describing these relationships.
Note that both tasks employed block designs with similar timing (16 sec "on" blocks and 16 sec "off" blocks) 1 and identical task length; so much of the image processing and statistical analysis was identical for both.
Visual Activation (VA) Task
The VA task consisted of a block design with block durations of 16s on/off. During the onblock, a checkerboard stimulus appeared at 21 times, separated by irregular, brief intervals (ISI range = 500 -1000 msec, average ISI = 762 msec, flash duration = 200 msec). Each time the checkerboard appeared, subjects pressed a button with the index finger of their dominant hand. During the off-block, subjects fixated on a central crosshair with no finger tapping. During each run of this task, 120 sequential volumes (240 sec) were collected, and each subject completed two runs.
fMRI Data Analysis Common to Both Tasks
Preprocessing-The first several steps of image processing were accomplished using Analysis of Functional NeuroImage (AFNI) software (Cox, 1996) . The first 2 volumes were discarded to allow for T1-saturation effects to stabilize. All large spikes in the data were removed from each run (amplitude greater than +/− 4.5 standard deviations) and each run was motion corrected (i.e., spatially registered to the middle volume of the run, volume index = 60). The data were then slice-time corrected. A mean functional (T2*) image was created. The mean T2* image for each run was spatially normalized to an EPI canonical image in MNI space using tools available in SPM5 (http://www.fil.ion.ucl.ac.uk/spm/). This included affine transformations and 3 non-linear iterations. We limited the non-linear iterations to 3 to control the amount of deformation. The spatial transformations were applied to the time series data as well, and the time series images were resampled to a 4×4×4 mm voxel size. The impulse response functions (IRF) for each voxel were estimated using Keith Worsley's package, FMRISTAT (Worsley et al, 2002) (http://www.math.mcgill.ca/keith/fmristat/), according to the FIR-Deconvolution method outlined at the FMRISTAT web page (see "Estimating the time course of the response"). Both tasks employed a block design with 16 sec "on" blocks and 16 sec "off" blocks. Thus, the IRFs were 32 seconds long (16 time points, 2 sec apart), covering the duration of the on and off block periods. Temporal drift was removed by adding a linear and a quadratic component to the model. The percent signal change IRFs were calculated by dividing the estimates (betas) by the model intercept (mean baseline level) and multiplying by 100.
Visual Cortex ROIs
A functional ROI, determined by the degree of activation in the visual cortex region, was produced for each run (2 runs per subject). The FIR-Deconvolution method of FMRISTAT estimates a beta-weight (and its standard deviation) for each time period. To determine which regions were activated by the task, the beta-weights for the 5 time points from 5 to 13 seconds (when the task activation should peak, see Figure 1 ) were contrasted with the 5 time points from 21 to 29 seconds (when the task activation should be in a trough) using Multistat, an analysis tool provided by FMRISTAT. This amounts to a contrast between the mean of the 5 time points in the area of the peak versus the mean of the 5 time points in the area of the trough. Multistat produced a t-value for the contrast among beta-weights, and brain areas were considered activated when the p-value associated with this t-value was <0.01. Only positive t-1 The OFF period was only 16 seconds and, in retrospect, may be a little short in order to quantify the temporal characteristics accurately. The BOLD fMRI response can take 25 to 30 seconds to fully return to baseline (Buxton et al., 1998) . Therefore, with a 16s OFF period, the effect of the previous stimulation block may still be present and may affect the next response. This is particularly relevant to the quantification of time-to-peak and time-to-trough, but may also affect the estimated signal amplitude, as the response will now start from a negative range. value regions were included. These maps of statistically significant voxels were further masked to include only voxels in the visual cortex area by employing a subject-specific, structurally based visual cortex ROI mask.
The first step in creating subject-specific, structurally based visual cortex ROI masks was to segment the structural images using Freesurfer (http://surfer.nmr.mgh.harvard.edu/fswiki). Using Freesurfer-analyzed images, high resolution masks were created for the visual cortex for each subject by combing the calcarine cortex, the cuneus and the occipital pole for both the left and right hemispheres. These masks were then registered to MNI space and downsampled to a 4×4×4 mm voxel size to match the functional images. Finally, these masks were dilated by 2 voxels in 3 dimensions. Only brain voxels were included. Examples of three representative ROIs are presented in Figure 2 . These ROIs, which were both functionally and structurally defined, will be referred to as Visual Cortex ROIs.
Although our task did have a motor component, this was a very weak motor stimulus and the response patterns were quite variable. For this reason, only the visual activation was formally studied.
Computing Median Percent Signal Change
The percent signal change associated with visual activation was taken by finding the peak value among the 5 time points from 5 to 13 seconds post-stimulus onset and subtracting the minimal value for time points from 21 to 29 seconds for each voxel in the visual cortex ROI for each run of the visual activation task. The median percent signal change in each ROI was taken as the representative value for each ROI after it was determined that the distributions of percent signal change values in each ROI was typically quite skewed to the left (median skew: 2.04; interquartile range: 1.34 to 2.78). Only one of 40 (20 subjects, 2 runs each) distributions was skewed to the right.
Activation Volume
The activation volume measure used in the following analyses was the number of voxels which passed the above-mentioned activation threshold and were within the subject-specific structurally based ROI mask
Average time-to-peak and Average time-to-trough
To assess potential temporal shifts in the IRFs due to either diagnosis or smoking status, the average time-to-peak and the average time-to-trough were estimated for each run for each subject. For all voxels in each visual cortex ROI, the time-to-peak (time of maximum value between 5 and 13 sec) and the time-to-trough (time of minimum value between 21-29 sec) was identified. Then, for each run, an average time-to-peak and an average time-to-trough were calculated across all voxels in the ROI.
Statistical Analysis
The data consisted of 4 measures per run (median percent signal change, activation volume, average time-to-peak, and average time-to-trough) for 2 runs per subject for 4 subject groups: Control Non-Smokers (n=4), control Heavy Smokers (n=4), Patient Non-Smokers (n=6) and Patient Heavy Smokers (n=6). All 4 measures were then tested in a mixed model ANCOVA (Proc Mixed, SAS, Cary, NC) with diagnosis, smoking status, and diagnosis-by-smokingstatus as fixed effects and "runs" modeled as a random effect. Age was included as a covariate in all models because of the documented influence of this variable in prior studies (Fischer et al, 2005; Hesselman et al, 2001; Kwee and Nakada, 2003; Lamar et al, 2004; Ross et al, 1997; Zarahn et al, 2006) . The analysis included separate within-cell variance estimates for each of the four cells. Random components were fit with the restricted maximum likelihood (REML) technique. Degrees of freedom were estimated using the Kenward-Rogers technique described in the SAS documentation.
In addition, the run-to-run reliability was also estimated. For each of the four measures, the variance-due-to-subject (all 20 subjects included), variance-due-to-run and residual variance were estimated (SAS Proc Varcomp). The intraclass correlation coefficient ICC(1,1) was employed to evaluate the run-to-run reliability (Shrout and Fleiss, 1979; Friedman et al., 2007) .
Results for the Visual Activation Task Median Percent Signal Change
The ANCOVA table for median percent signal change is presented in Table 2 . There was a statistically significant effect of smoking status on median percent signal change, which is further illustrated in Figure 3A . There was no significant effect of diagnosis, and the diagnosisby-smoking status interaction was also not statistically significant. From Figure 3A we can see that the smoking groups had an elevated response. The elevation due to smoking appears to be somewhat larger in patients than controls. In control subjects, the smoking group had a 13.4% elevated response, and, in patient subjects, the smoking group had a 31.3% elevated response, when compared to the respective non-smoking subjects. The mean percent elevation due to smoking was 22.0%. As noted above, the median percent signal change was based on the median of voxel values in an ROI. Table 2 also includes the results for the less appropriate but more familiar mean of voxels. Median percent signal change (averaged across runs) was not correlated with pack years (Pearson r = 0.11, df = 8, p = 0.76).
Activation Volume
The ANCOVA table for activation volume is presented in Table 2 . There was a statistically significant effect of smoking status on activation volume, but none of the other factors were statistically significant. The results are plotted in Figure 3B . Non-smokers had larger activation volumes than smokers. For control subjects, there was a 39.7% reduction in activation volume in smokers, and for patients, there was a 24% reduction. Overall, there was a mean reduction of 32.5% in activation volume in smokers compared to non-smoking subjects.
Mean Time-to-peak
The ANCOVA table for average time-to-peak is presented in Table 2 , and the means are plotted in Figure 3C . There was a statistically significant interaction between diagnosis and smoking status. Post-hoc pair wise group tests, controlled for multiple comparisons (Tukey-Honestly Significant Difference test) revealed only 1 significant difference: patients who had smoked had a delayed response compared to patients who had not smoked (p = 0.0021). The average time-to-peak for patient non-smokers was 8.4 sec and the average time-to-peak for patient smokers was 10.13 sec, a 20.1% increase. While not significant in post-hoc testing (p = 0.052), it is important to note that the patient non-smokers had the shortest time-to-peak of any group, and in particular, showed a shorter time-to-peak than the control non-smokers, whose average time to peak was 9.8 sec. Thus, the interaction effect was likely attributable to both a fast timeto-peak in the patient non-smokers and a delayed time-to-peak in the patient smokers, relative to the control group pattern.
Mean Time-to-trough
The ANCOVA table for average time-to-trough is presented in Table 2 , and the means are plotted in Figure 3D . There was a statistically significant effect of smoking status, but no effect of diagnosis and no effect of the interaction. The average time-to-trough for non-smokers was 25.5 sec and the average time-to-trough for smokers was 26.6 sec, a 4.3% increase.
Run-To-Run Reliability
The variance due to run, variance due to subject and residual variance are presented in Table  3 . Variance due to run was estimated as 0.0 for median percent signal change and activation volume, and was a small percentage of total variance for time-to-peak (3.4%) and time to trough (8.9%). The run-to-run intraclass correlation coefficients [ICC(1,1)] for median percent signal change and activation volume were in the excellent range (above 0.75 in the nomenclature of Cichetti and Sparrow, 1981) , and the ICC for time-to-peak was in the good range (0.6 to 0.74), whereas the ICC for time-to-trough was poor.
Specific Methods for the Breath-Hold Task Breath-Hold (BH) Task
The task consisted of a block design with alternating on/off blocks of 16 second periods of breath holding and normal breathing. During the off-block, subjects saw a green screen during which they were to breathe normally. During the last two seconds of the off-block, the screen became yellow, which indicated that the subject should take a deep breath in and hold it. During the on-block (16 seconds), subjects saw a red screen, during which time they were instructed to hold their breath. Subjects resumed breathing when a green colored screen was presented. There were 15 total blocks of 16 s each. The task required the collection of 120 sequential volumes (240 sec). Only a single run of this task was collected per subject.
Head Motion
In order to address the specific concern regarding head motion during the BH Task, the following parameters were saved during the motion correction phase of image preprocessing: average head displacement (from volume to volume, in mm), and the standard motion correction parameters (three translations and three rotations).
Cortical Gray Matter ROIs
The first step was to create a functional ROI for each subject for the BH task. The FIRDeconvolution method of FMRISTAT estimates a beta-weight (and its standard deviation) for each time period. To determine which regions were activated by the task, the beta-weights for the five time points from 7 to 15 seconds (when the breath hold signal should be in a trough, see Figure 4 ) were contrasted with the five time points from 21 to 29 seconds (when the breath hold signal should be in a peak) using Multistat. Multistat produces a t-value for the contrast among beta-weights, and brain areas were considered activated when the p-value associated with this t-value was <0.01. Only positive t-value regions were included. These maps of statistically significant voxels were further masked to include only voxels in the cortical gray matter by employing a subject-specific, structurally based gray matter ROI mask.
Subject-specific, structurally based gray matter (GM) ROIs were constructed from left and right cortical ribbons produced as part of the Freesurfer analysis. This mask was aligned to MNI space and resampled to match the nominal voxel size of the functional data. Examples of three representative ROIs are presented in Figure 5 . Below, we refer to these final functionally and anatomically defined ROIs as the Cortical GM ROI.
Creating the Median Percent signal change Measure
The percent signal change associated with breath hold was taken by finding the maximal value among the 5 time points from 21 to 29 seconds post-stimulus onset and subtracting the minimal value for time points from 7 to 15 seconds for each voxel in the cortical GM ROI. The median percent signal change in each ROI was taken as the representative value for each ROI after it was determined that the distributions of percent signal change values in each ROI were typically quite skewed to the left (median skew: 3.69; interquartile range: 3.36 to 4.62).
Activation volume
The activation volume measure used in the following analyses was the number of activated voxels in the cortical GM ROI for each subject using the probability threshold of p<0.01, as described above.
Average time to Peak and Average time to Trough
To assess potential temporal shifts in the IRFs due to either diagnosis or smoking status, the average time to peak and the average time to trough were estimated for each subject. For all voxels in each cortical GM ROI, the time to peak (time of maximum value between 21 and 29 sec) and the time to trough (time of minimum value between 7 to 15 sec) were calculated. Then an average time to peak and an average time to trough were obtained across all voxels in the cortical GM ROI.
Results for the Breath-Hold Task Median Percent Signal Change
The ANCOVA table for median percent signal change is presented in Table 4 . There was a statistically significant decline in median percent signal change with age. The slopes and intercepts were similar in the smoking and non-smoking groups (slopes: 0.06 and 0.05; intercepts: 4.86 and 3.39, respectively). Both main effects (smoking status and diagnosis) were statistically significant (Table 4 and Figure 6A ). From Figure 6A we can see that smokers had an elevated response and patients had an elevated response. The interaction between smoking status and diagnosis was not statistically significant (Table 4) . These main effects were very large: the increased response due to smoking appears was 49.7 % and the increased response due to being a patient was 40.6%. Median percent signal change was not correlated with pack years (Pearson r = 0.04; df = 1, 8; p = 0.91).
Activation volume, Average Time to Peak, and Average Time to Trough
The ANCOVA table for these measures is presented in Table 4 and means are plotted in Figures  6B, 6C and 6D respectively. No statistically significant results were noted (Table 4) . A nearly statistically significant (p = 0.105) effect for smokers to have larger activation volumes is evident in Figure 7B . The nearly statistically significant (p = 0.103) interaction between diagnosis and smoking status for time-to-trough is illustrated in Figure 6D . Control smokers have a shorter time-to-trough than control-nonsmokers, but patient smokers have a longer timeto-trough than patient non-smokers. Non-significant results based on these small sample sizes do not rule out true differences --we are operating with low power.
Head Motion
Patients produced an elevated average head displacement compared to control subjects (Wilcoxon Two-Sample test, p = 0.035, one-tailed), and smokers produced an elevated average head displacement compared to non-smokers (Wilcoxon Two-Sample test, p = 0.027, onetailed).
Head motion during the BH task was highly correlated with signal change. For example, the average head pitch rotation across all subjects during this task resembled boxcar reference vector for the task --the oscillatory signal was at the same frequency and timing as the BH task 2 . Average head displacement was significantly related to median percent signal change when it was the sole predictor in the model (r = 0.43, df = 18, p = 0.03, one-tailed). When this measure was included as a covariate in our ANCOVA test of the effect of diagnosis and smoking-status on median percent signal change, it was not a statistically significant covariate (Table 5 ). The age effect was changed only slightly and the smoking and diagnosis effects were weaker, but all remained statistically significant. Therefore, the inclusion of average head displacement in the model did not alter the substantive results.
We also attempted to match the groups on head displacement by removing subjects and repeating the original ANCOVA model for median percent signal change. To match patients and controls, two patients with an average head displacement greater than 1 mm and two controls with an average head displacement less than 0.27 mm were removed (Wilcoxon TwoSample test, p = 0.37, one-tailed). To match smokers and non-smokers, two smokers with an average head displacement greater than 1 mm and one non-smoker with an average head displacement less than 0.27 mm were removed (Wilcoxon Two-Sample test, p = 0.20, onetailed). The ANCOVA results for these 2 matched datasets were substantively identical to the original ANCOVA results. Age, diagnosis and smoking effects were all statistically significant and the diagnosis-by-smoking interaction effect was not statistically significant.
Specific Methods for the Relating the Results of the Visual Activation Task to those from the Breath-Hold Task Median Percent Signal Change due to the BH Task in the Visual Cortex ROI
In order to relate the response to the BH task to the response to the visual activation task, the BH response was masked by a visual cortex ROI for each subject. Since there were 2 runs of the visual activation task and thus 2 masks, the masks were concatenated (summed) to produce a single visual cortex ROI for purposes of masking the BH percent signal change data. Following Thomason et al (2007) only BH responses that were greater than some threshold (in our case 0.25% signal change) were included in the estimate of median percent signal change in BH in the visual cortex ROI.
Statistical Analysis
The percent signal change from the BH task can be thought of as a measure of cerebrovascular reactivity and the percent signal change from the VA task can be thought of as the magnitude of the BOLD response to sensory activation. Having both in hand, it was of interest to address the relationship between these two measures by answering several questions.
The first question was: What was the relationship between percent signal change during the BH response in gray matter generally and in the visual cortex specifically? This was addressed with regression analyses and a paired t-test. The second question was: What was the relationship between cerebrovascular reactivity and the magnitude of the BOLD response in visual cortex? Regression was used to answer this question. The third question was: Were there diagnosis and smoking-status effects on cerebrovascular reactivity in the visual cortex ROI? This was addressed with the mixed model ANCOVA described above. Since cerebrovascular reactivity in the visual cortex ROI was related to the magnitude of the BOLD response to sensory activation, the latter could be divided into a portion that was predicted by the cerebrovascular reactivity and a residual portion unrelated to cerebrovascular reactivity. Therefore, the fourth question was: Were there diagnosis and smoking-status effects on the predicted and the residual portions of the visual activation results? This was also addressed using the ANCOVA model described above.
Results Regarding the Relationship between the Visual Activation Task and the Breath-Hold Task Relationship between BH Responses in the Cortical Gray Matter and in the Visual Cortex
BH median percent signal change in gray matter was highly correlated with BH median percent signal change in the visual cortex (Pearson r = 0.94, p < 0.0001). When the BH response in the visual cortex was regressed onto the BH response in visual cortex, the slope was 1.34. BH responses in visual cortex were 11.5% larger than BH responses in gray matter generally (Paired t-test, t = 2.09, df = 19, p = 0.025, one-tailed).
Relationship between BH Responses and Visual Activation Responses
Median percent signal change for the VA task was related to the median percent signal change for the BH task in the visual cortex (Figure 7 ). The correlation between these two measures was 0.48 (p = 0.03). The BH response accounted for 23% of the variance in the visual activation response. Regressing VA median percent signal change onto the BH value yielded a slope of 0.12 with an intercept of 1.28. Thus, for each 1% increase in median percent signal change for the BH task, the response to the visual activation task would increase 0.12%.
Diagnosis and Smoking Status Effects on BH Percent Signal Change in the Visual Cortex
The ANCOVA table for BH percent signal change in the visual cortex is presented in Table 6 . There were statistically significant effect of age, diagnosis and smoking status but the interaction between diagnosis and smoking-status was not statistically significant. The means are plotted in Figure 8A . The main effects were very large: the increased response due to smoking-status was 71.8% and the increased response due to being a patient was 37.1%.
Diagnosis and Smoking Status Effects on the Portion of Percent Signal Change for Visual Activation Task Predicted by BH responses in the Visual Cortex
Since the predicted responses are simply linear transformations of the BH responses, and since ANCOVA results are invariant to linear transformation, the ANCOVA results for the predicted responses are identical to the ANCOVA results presented in Table 6 . The pattern of the means are thus identical to that plotted in Figure 8A but the scaling would differ, reflecting smaller percent signal change values in response to the visual activation task than the BH task.
Diagnosis and Smoking Status Effects on the Portion of Percent Signal Change for Visual Activation Task Not Predicted by BH responses in the Visual Cortex
The ANCOVA results for the residuals are presented in Table 7 and the means are plotted in Figure 8B . There were no statistically significant effects.
Discussion of Visual Activation Results
We report a statistically significant elevation of the BOLD response in heavy smokers to a simple visual activation task in healthy controls and patients with schizophrenia. Smokers had a mean 22% elevation in median percent signal change in visual cortex ROIs, a mean reduction in activation volume of 33%, and a 4.3% increase in the time of the IRF trough (a delay). We also report a 20% mean delay in the time-to-peak of the IRF in patient smokers compared to patient non-smokers. However, the sample size in the present study was small and our results need to be replicated in a larger sample before firm conclusions can be drawn.
The elevation of response to visual activation in heavy smokers has not been reported before, to our knowledge. At first glance, an increased response to a pathological state (heavy smoking) appears anomalous. One possible explanation is related to hematocrit, which is elevated in heavy smokers (Whitehead et al, 1995) , as is blood viscosity (Lowe et al, 1980) . Increased hematocrit has been associated with elevated BOLD responses (Levin et al, 2001; Gustard et al, 2003) .
Our hypothesis, stimulated by that of Gustard et al (2003) , is that increased blood viscosity in smokers is associated with decreased blood flow in the baseline state. It is known that smokers have reduced cerebral blood flow (CBF) (Rogers et al, 1984; Isaka et al, 1993) . Decreased CBF should also increase oxygen extraction during capillary transit. Thus, in the baseline state, we hypothesize that smokers have a lowered rCBF and an elevated deoxyhemoglobin (dHb) level in venules (Lu et al, 2007) . Both conditions have been associated with an increased BOLD percent signal change during visual stimulation (Lu et al, 2007; Cohen et al, 2002; Behzadi and Liu, 2005) .
Another hypothesis is that prolonged exposure to nicotine can promote angiogenesis and arteriogenesis (Cooke, 2004) . Although this has been documented in animals, it has yet to be documented in human brain. If it is shown that heavy smokers have an increased capillary density in the brain, this finding might indeed have important implications for fMRI in smokers --the intrinsic signal in the blood is more than an order of magnitude larger than the extravascular signal (Buxton, 2002) . Xu et al (2007) also reported an signal increase in abstinent smokers compared to non-smokers. Subjects performed the Stroop, a classic cognitive interference task. The signal increase was noted in the frontal eye fields resulting from the contrast between the incongruent stimuli minus the congruent stimuli. Xu et al (2007) suggest that this brain area is critically involved in attention. They further hypothesize that their results reflect the fact that the inhibitory function of the right FEF may be compromised in abstinent smokers. Thus, Xu et al (2007) explain their results in terms of cognitive differences in smokers. There is evidence for reduced cognitive performance in chronic smokers [see Durazzo and Meyerhoff, (2007) for review], and certainly such effects could account for fMRI differences, including the increased BOLD percent signal change noted in the present study. Our simple visual activation paradigm placed less demands on the resources of our subjects, but some degree of attention, vigilance and sensorimotor coordination are involved. In the present study, there was no significant diagnosis effect, which means that patients with schizophrenia, who have impaired attention, vigilance and motor function (Braff, 1993; Suslow, 1996; Wolff and O'Driscoll, 1999,) had BOLD responses similar to controls. This finding is consistent with the notion that the cognitive demands of our task are minimal. Moreover, our hypothesis based on reduced CBF in smokers would also explain the findings of Xu et al (2007) . Lawrence et al (2002) found that abstinent smokers showed hypoactivity in the parietal cortex and caudate compared to non-smokers during performance of a visual vigilance task designed to maximize attentional demands. There was a trend toward lower performance in smokers than non-smokers, which may explain the reduced activation.
The reduction of activation volume in smokers is probably related to increased physiological noise in this group. Several papers have emphasized the key role of SNR as the determining factor in activation size (Saad et al., 2003; ). Activation volume is defined by the number of statistically significant voxels. We report a statistically significant increase in percent signal change with smoking. So the only path to decreased activation volume in smokers would be to have a marked increase in physiological noise. The nature of this increase in physiological noise is unknown. Of course it is also possible that less brain tissue is involved in this simple visual perception task in smokers. This is the first report of timing delays in the time-to-peak (patients only) and the time-totrough in smokers. Time-to-peak was slower in patients who smoked but not in patients who did not smoke, although in controls, smoking status had no significant effect. Since it is probable that both smoking groups have reduced CBF due to smoking, lower CBF does not seem an explanation for this finding. Ford et al (2005) reported a slowing of the hemodynamic response in patients with schizophrenia, and suggested that this could be related to a more sluggish neuronal response, neurovascular coupling or primary abnormalities in the cerebral vasculature. However these authors did not mention the smoking status of their patients. It seems likely that most of the patients were smokers and most of the controls were not, so the report of a delay in the IRF in Ford et al (2005) may simply reflect smoking history. As noted by Ford et al (2005) , one obvious difference between patients and controls, aside from the presence of a mental disorder, is that the patients were all receiving antipsychotic medications. Perhaps some interaction between antipsychotic medications and smoking-status is responsible for this delay.
The finding of an increased time-to-trough in both smoking groups might be explained by reduced CBF. A reduction in CBF should translate into an increased transit time (assuming no blood volume changes), and according to Friston et al (2000) , this would slow down the dynamics of the BOLD signal and produce a delayed IRF [see Cohen et al (2002) for a discussion of this issue]. However, two brief within-subject CBF-lowering manipulations [hypocapnia (Cohen et al, 2002) , caffeine (Liu et al, 2004) ] have been associated with a reduced time-to-trough. On the other hand, patients with chronically lower CBF due to arterial stenosis (primarily left internal and middle cerebral arteries) did show a slower time to return to baseline after the peak response despite comparable behavioral performance to control subjects (Roc et al., 2006) . Further research is needed to clarify the basis for the timing delays noted in smokers in the present study.
It must be said that chronic smoking has many deleterious consequences on brain health, as reviewed in Durazzo and Meyerhoff (2007) . These authors review evidence for changes in brain structure, metabolism and neurotransmitter levels. Further studies attempting to sort out the role of physiological (hematocrit, blood flow, venous oxygenation, capillary density), cognitive, structural, metabolic and neurochemical influences are certainly warranted.
It is our impression that smoking history is ignored in fMRI studies of schizophrenia. To test this, we conducted a Medline search of all studies conducted in the last year (date of search: 7/10/2007) that had both the word "schizophrenia" and the word "FMRI" in the title. Of the 16 references (Bedwell et al, 2006; Eyler et al, 2007; Harrison et al, 2007; Karlsgodt et al, 2007; Lepage et al, 2006; Li et al, 2007; Liddle et al, 2006; Marjoram et al, 2006; Nagel et al, 2007; Schlosser et al, 2007; Schneider et al, 2007; Thermenos et al, 2007; Tu et al, 2006; Walter et al, 2007; Whyte et al, 2006; Yoon et al, 2006) none had the partial word "smok" or the word "tobacco" or the word "cigarette" anywhere in the text. Although these and many other studies report decreases, increases and no change in BOLD-related activation measures in relation to schizophrenia (Kindermann et al, 1997; Tost et al, 2005 ) the results of all such studies are likely to be biased due to the increased incidence of smoking in this patient population. If our findings are confirmed, future studies of fMRI in schizophrenia (and other mental illnesses) may need to take smoking history into account.
Of course nations differ in the degree of smoking in the population generally. At least twothirds of all Chinese men (68%) smoke at least occasionally, and roughly half (49%) are regular smokers, according to the 2004 Gallup Poll of China (http://www.gallup.com/poll/15265/Smoking-Could-Ignite-Health-Crisis-China.aspx). European countries also have smoking rates higher than those noted for the United States ( http://www.gallup.com/poll/28432/Smoking-Rates-Around-World-How-Americans-Compare.aspx ). So the contrast between smoking rates in patients and controls will be nation-specific.
In conclusion, we report that subjects who had a history of heavy smoking had an elevated BOLD percent signal change to a simple visual activation task, when compared to subjects who had not smoked. Also, patients with schizophrenia who had a heavy smoking history had a delayed hemodynamic response (time-to-peak), and both controls and patients with a heavy smoking history had a delayed time-to-trough. Several mechanisms to explain these results are offered. For the increased percent signal change in smokers, we presented a hypothesis based on resting state cerebrovascular physiology. Heavy smokers have increased hematocrit, blood viscosity and reduced baseline rCBF in the baseline state. Such conditions have been associated with an increased BOLD percent signal change. Studies comparing the role of cerebrovascular and hemodynamic factors to anatomical, neurochemical and cognitive factors are warranted. This report is based on a small sample, and replication is required before firm conclusions can be drawn. If confirmed, the findings will have important implications for fMRI studies of schizophrenia. The observed effects suggest that the literature on fMRI in schizophrenia is likely to be biased (at least in the USA), since few if any fMRI studies consider smoking effects.
Discussion of Breath Hold Results
In the present study, we report 2 main observations related to BH-induced BOLD responses in gray matter: (1) breath hold responses in cortical GM are increased in heavy smokers by about 50%; (3) breath hold responses in cortical GM are increased in patients with schizophrenia by about 40%.
The potential role of head motion is difficult to conclusively evaluate with these data. Average head displacement was increased in patients compared to controls and was increased in smokers compared to non-smokers. Moreover, the head motion correction parameters were often very highly correlated with the expected signal response to the BH task. Therefore, it is possible that the substantive effects noted for diagnosis and for smoking status may simply reflect increased head motion. This implies that head motion can cause MR signal changes like those observed -an as yet unproven proposition. We controlled for average head displacement in two ways: (1) including average head displacement in the ANCOVA model; and (2) matching the subject groups on average head displacement by removing subjects. With both methods, the substantive results remained. These findings are not consistent with an important role for head motion in explaining our main results, but such procedures may not allay the concern entirely. The extent to which BH results are a reflection of cerebrovascular reactivity or head motion needs further examination and is beyond the scope of the present report. We shall proceed as if our results do not simply reflect head motion differences, but rather, reflect differences in cerebrovascular reactivity.
The finding of an elevation of the BH response in heavy smokers has not been reported before, to our knowledge. It seems counterintuitive that an increased response occurs in a pathological state. The two explanations offered above for the increased response during the visual activation response (increased percent signal change related to decreased baseline blood flow, or nicotine-induced angiogenesis) would apply to the BH responses as well. A third hypothesis has to do with potential differences in breathing behavior. Chen (1988) reported that heavy smokers have increased respiratory muscle strength and shortened respiratory duty cycle (Chen, 1988) . Perhaps some aspect of altered breathing behavior is responsible for the present smoking-related effects.
The finding that patients with schizophrenia have an increased BOLD response to the BH has not been reported previously. The finding of an elevated BH response in patients was unrelated to our smoking findings. Patients with schizophrenia have other physical health problems that might be related to the BH response. For example, patients with schizophrenia are at increased risk of cardiovascular disease diabetes, hyerplipidemia, and hypertension (Hennekens et al., 2005; Marder et al., 2004) . Perhaps one of these health problems (or their pharmacologic treatment) might explain the increase in the BH response in patients. Since the BH response depends on a number of cardiovascular factors (Thomason et al., 2005) , abnormalities in these factors could produce alterations in the response. The presence of this diagnosis effect suggests caution in the use of the BH response as a covariate in studies comparing schizophrenia patients and controls. Employing covariates with different group mean values is fraught with interpretative difficulties (Miller and Chapman 1996) .
In conclusion, the BH response in cortical GM is elevated in subjects with a heavy smoking history (~50 % increase), and is elevated in patients with schizophrenia (~40% increase). The marked increase in BOLD BH responses in heavy smokers could be due to the increased hematocrit, blood viscosity and reduced rCBF documented in this group. Other explanations are also offered. The finding of an increased BH response in patients with schizophrenia, regardless of smoking history, is unexpected and needs further study. If replicated, our findings could have implications for the application of the BH calibration procedure in patients with schizophrenia, since most such patients smoke and most healthy control subjects do not smoke.
Discussion of the Relationship between the Visual Activation Results and the Breath Hold Results
We report that percent signal change during the BH task in the visual cortex was larger than percent signal change in gray matter generally, but had a similar pattern of relationships to diagnosis and smoking status. As has been reported previously (Thomason et al., 2007; Handwerker et al., 2007) , the BH response was significantly and positively correlated with the response to the visual activation task, accounting for 23% of the variance. The portion of the response to the visual activation task that was not related to cerebrovascular reactivity was not statistically significantly related to either smoking status or diagnosis. This latter finding would appear not to support an important role for neuronal factors in the visual activation results and suggests that both diagnosis and smoking status effects on visual activations could be mediated by cerebrovascular reactivity as measured by the BH task. Illustration of the median percent signal change IRF and the trough-to-peak measurement. The on block and off block are indicated. The IRF in this figure is the average of six control nonsmokers. Illustration of the BOLD breath hold response and the median percent signal change (troughto-peak) measurement. The breath holding period and the normal breathing period are indicated. The black stripped box in the lower right of this figure indicates the time when the subject was to inhale and prepare for the breath holding period. The IRF in this figure is the average of the six patient smokers. Scatterplot relating median percent signal change for the VA task to median percent signal change for the breath hold task in the visual cortex ROI. Plots of means and standard errors for: (A) the median percent signal change due to the breath hold task in the visual cortex ROI, and (B) residual median percent signal change after regressing median percent signal change due to the VA task onto the breath hold response in the visual cortex. Data are displayed in 3 panels: by diagnosis (Panel 1), by smoking group (Panel 2), and for all four groups (Panel 3)./ Table 3 Run-to-run Reliability Assessment 
